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Unusual features of phase transformations under the thermal treatment of the thin ﬁlms system Cu
(80 nm)–Sn (20 nm) have been studied using a range of physical methods. Processes of mass transfer
in thin layers were studied and regimes of thermal treatment were chosen to compare the inﬂuence of
different temperatures for a given time and the inﬂuence of annealing time at a ﬁxed temperature. Pres-
ence of the intermetallic phase Cu6Sn5 in the as-deposited state and its transformation into Cu3Sn phase
after annealing at temperature 373 K for different times has been identiﬁed by grazing incidence X-ray
diffraction. Annealing at a temperature of 473 K, and higher, leads to the formation, unexpectedly, of
the Cu4Sn phase. The concentration distribution of tin through the depth of the sample was obtained
by Rutherford backscattering spectroscopy and demonstrated the existence of the Cu4Sn composition.
The topography of the surface of the samples was determined with atomic-force microscopy.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The unusual behavior and phase formation in the Cu–Sn system
has been studied [1–6]. This system has a range of interesting fea-
tures that are found when the thickness of the layers is close to
critical values. In thin ﬁlms, the usual regimes of mass transfer
and composition are altered. Previous studies [1,2] have investi-
gated the growth kinetics of the intermetallic phases Cu6Sn5 and
Cu3Sn in the bulk of thin ﬁlms layers and at the surface. These
studies have reported annealing of the Cu (2000 lm)–Sn
(2000 lm) system in the temperature range 433–473 K. It has been
established that the rate of growth of these phases is several times
higher for a nanocrystalline sample as compared to a polycrystal-
line sample with larger grains and it was concluded that the
grain-boundary diffusion mechanism was important.
A number of reports [1–4,6–10] describe the formation of the
intermetallic phase Cu6Sn5 at room temperature but one paper
[5] reports that formation of this intermetallic phase occurs only
after annealing at 403 K together with the Cu3Sn phase. The tem-
perature of formation of the Cu3Sn phase depends on many factors
above 473 K the Cu3Sn phase is dominant according to the dataal Technical University of the
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hysics, Ångström Laboratory,
Y-NC-ND license.from a number sources [1,3,9]. Formation of Cu3Sn compound oc-
curs on the interface with Cu6Sn5. Part of the phase diagram for
Cu–Sn in the region of concentrations and temperatures of inter-
ested is shown in Fig. 1.
Formation of other intermetallic compounds such as Cu4Sn (this
phase is sometimes referred to as the d-Cu41Sn11 phase.) is not
usually observed with low-temperature annealing (Fig. 1). In the
present paper, we show that formation of the Cu4Sn phase in
Cu–Sn thin ﬁlm system is favorable under speciﬁc chosen experi-
mental conditions and that this phase can be formed at tempera-
tures lower than expected from the Cu–Sn phase diagram for the
bulk materials. A study that uses a combination of techniques to
identify the changes in structure and composition of a thin ﬁlm
of copper evaporated on to a tin layer is presented. X-ray diffrac-
tion allows identiﬁcation of phases and Rutherford back scattering
permits the composition proﬁle in the ﬁlms to be determined after
annealing.
2. Experimental
Samples of the thin ﬁlm system Cu(100 nm)/Sn(20 nm) were prepared by ther-
mal evaporation of tin and copper from the tungsten evaporator in a single vacuum
cycle on the ceramic substrate (Sital) CT-50-1 (60 wt.% SiO2, 13 wt.% Al2O3, 9.5 wt.%
MgO, 7.5 wt.% CaO, 9.5 wt.% TiO2) at room temperature. The temperature of the sub-
strate before the condensation was 298 K. After the deposition, the plate was cut
into 6 pieces in order to perform annealing studies. Annealing has been carried
out in vacuum at a pressure of 104 Pa, temperature was controlled by a thermo-
couple attached to the sample. Characteristics of the samples are presented in the
Table 1. The annealing regimes were chosen to study the initial stages of the pro-
cesses of phase formation when the system has not reached equilibrium. Annealing
times were therefore quite short time (5 min) for three different temperatures.
Fig. 1. Phase diagram of the Cu–Sn system based on calculations by Shim [11] and
the review by Saunders and Miodownik [12].
Table 1
Annealing regimes for Cu/Sn samples.
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of diffusion and to observe the inﬂuence of kinetic factors on the phase formation of
Cu–Sn thin ﬁlms system at relatively low temperatures.
Phase identiﬁcation was performed by grazing incidence X-ray diffraction using
a Siemens D5000 diffractometer ﬁtted with an X-ray mirror and using Cu Ka radi-
ation in the parallel beam geometry. X-ray data were measured in a 2h scan and the
angle of the incident beam was ﬁxed at 3.Fig. 2. X-ray diffraction data as a function of scattering angle, 2h, in degrees for; (a) as-de
The lower box indicates where diffraction peaks are observed for the different materialsThe compositions of the samples were determined by Rutherford backscatter-
ing (RBS) spectroscopy. The RBS measurements were made using a 2 MeV 4He+
ion beam from the tandem accelerator at Ångström Laboratory that was incident
perpendicular on the sample and backscattered into a detector at 170 relative to
the incident beam direction [13]. The energy calibration of the detector was made
with a standard gold sample as a reference. The energy distribution and yield of
backscattered ions is recorded. As the backscattering cross-section for each element
is well-known, it is possible to determine quantitative depth proﬁles from the RBS
spectra. Data has been interpreted by comparison with simulations made using the
SIMNRA software package [14]. This allows analysis of the changes in the concen-
tration distribution of the components through the depth of the thin ﬁlm system
after different annealing regimes. Analysis of the surface topography has been
carried out using atomic-force microscopy (Nanosurf Mobile S). Measurements
were performed in contact mode.3. Results
X-ray diffraction data (Fig. 2) indicate the formation of the
Cu6Sn5 phase at room temperature as described in previous studies
[1–4,6,7]. Existence of pure copper and the absence of pure tin has
been found in the as-deposited state, which means that tin exists
in the form of an intermetallic compound. Diffraction patterns
for the samples annealed for different times at a temperature of
373 K are similar, and the Cu6Sn5 phase peaks disappear and the
peaks of Cu3Sn phase appear. At the same time, the intensity of
peaks from pure copper decreases as a large fraction of the copper
is used in formation of the Cu3Sn phase.
Annealing at temperatures of 473 K and 523 K leads to different
results. The Cu4Sn phase is formed and the peaks from pure copper
and Cu3Sn phases disappear.
In order to analyze RBS spectra (Fig. 3) for each case of anneal-
ing, a model of a sample has been made using the SIMNRA
software. The model is divided into several layers with variable
tin and copper concentration. The number of layers changed from
7 for the as-deposited state to 2 for the samples where theposited sample, (b) annealed at 373 K, for 5 min and (c) annealed at 473 K, for 5 min.
[15].
Fig. 3. RBS spectra for Cu/Sn thin ﬁlms: (a) as – deposited, (b) annealed at 373 K for 5 min, (c) annealed at 373 K for 10 min, (d) annealed at 473 K for 5 min.
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temperatures above 473 K.
The RBS spectrum for the ‘as-deposited’ sample is shown in
Fig. 3a. Shoulders marked as 1 and 2 characterize the composition
of the free surface of the thin ﬁlm system and composition at the
original copper-tin interface, respectively. According to the simula-
tion, the concentration of tin for the bulk of the ﬁlm thickness in
the as-deposited state is about 2 at.%, and suggests a concentration
of about 45 at.% at the substrate-metal ﬁlm interface. Thus, at the
interface, the concentration corresponds to the Cu6Sn5 phase [16].
The results of modeling the RBS data are shown in Fig. 3. After
annealing at 373 K for 5 min (Fig. 3b), the concentration of tin in
the layer near the free surface increased signiﬁcantly to 12 at.%.
The presence of a thick layer near the substrate with a tin concen-
tration of 25 at.% has been found for this sample. This indicates the
formation of Cu3Sn phase (shoulder 2 on the Fig. 3b) directly on top
of the substrate. A layer with tin concentration varying between 11
and 23 at.% has been found between the two deﬁned interfacial
layers.
After annealing at 373 K for 10 and 20 min, the concentration of
tin in the near-surface layer decreases, ﬁrst to 9 at.%, and then to
6 at.%. The tin concentration is uniform close to the substrate with
25 at.% Sn. A thin region with a tin concentration of 21 at.% has
been observed which probably indicates the formation of the
Cu4Sn phase at the interface with Cu3Sn phase.
The shape of the RBS spectra changes signiﬁcantly with anneal-
ing at the higher temperatures of 473 K and 523 K. Rectilinear
proﬁles appear as the shoulders marked as 1 and 2 disappear in
Fig. 2d. The elemental composition derived from the simulations
becomes homogeneous through almost the entire samplethickness: the tin concentration in the largest volume of thin ﬁlm
corresponds to the Cu4Sn phase. The concentration of tin in the
near-surface layer is around 12 to 14 at.% for both these annealing
temperatures.
Fig. 4 shows the surface topography of the samples measured
by atomic-force microscopy.
It is known from the previous studies that the intermetallic
phase Cu6Sn5 has speciﬁc structural morphology and usually
appears in the shape of scallops in images obtained by electron
microscopy [7,17]. Tin also tends to have a rough surface in com-
parison with copper. In the as-deposited state and after annealing
at a temperature of 373 K for 5 and 20 min, we observe the struc-
ture of the intermetallic compound and the average roughness is
4.8 nm. After annealing at temperatures of 473 K and 523 K, the
surface topography undergoes considerable change and the rough-
ness decreases to 1.6 nm. This is associated with the change of
phase composition of the bulk of the ﬁlm and the formation of
Cu4Sn intermetallic compound.
From the AFM images, one can see that the surface layer is non-
uniform and that 3-dimensional crystals tend to grow indicating
that the process of wetting is unfavorable. We therefore deduce
that tin accumulates on the surface not simply because of decreas-
ing surface energy but due to other processes that are connected
with the phase transformation in the bulk and initial non-equilib-
rium structure of the ﬁlm.
4. Discussion
Comparison of X-ray diffraction data and RBS data analysis
shows that the layer of tin is almost totally transformed to the
Fig. 4. AFM images of Cu/Sn ﬁlms after the heat treatment: (a) as - deposited, (b) annealed at 373 K for 20 min, (c) annealed at 473 K for 5 min, (d) annealed at 523 K
for 5 min.
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to the phase diagram, both the Cu6Sn5 and Cu3Sn phases are found
at room temperature. However, the Cu6Sn5 phase is usually
formed ﬁrst. This behavior is well established and reported widely
[1–9]. In this aspect, our results are in agreement with the litera-
ture and correspond to the phase diagram. X-ray diffraction analy-
sis did not reveal tin in the unbound state while the RBS
experiments showed the existence of tin with a varying concentra-
tion through the entire thickness of the sample. The absence of
changes in the X-ray diffraction patterns for the annealed ﬁlms,
and the high rate of diffusion, suggests that tin diffuses into the
copper layer through the grain boundaries. In contrast, the copper
diffuses into the Sn layer via the bulk and forms the Cu6Sn5 phase.
Movement of tin atoms to the near-surface layers is thermody-
namically favored because the surface energy of tin is lower than
the surface energy of copper [18]. It has been reported [9] that
Sn is the faster diffuser in the Cu6Sn5 phase, and thus the interface
of the phase shifts to a Sn rich composition. However, in the pres-
ent experiments, the phase grows in the direction of the external
surface and a small amount of unbound Sn is present at the surface
immediately after the deposition. Thus, we may deduce that the
role of ﬁlm thickness is determined largely by the speciﬁc inﬂu-
ences of interfaces: the component with lower surface energy
diffuses faster to the surface.
The sequence of phase formation processes in the system
Cu(80 nm)/Sn(20 nm) on annealing is shown schematically in
Fig. 5. Annealing at a temperature of 373 K for 5 min leads to an
increase of tin concentration on the surface and to transformationof Cu6Sn5 phase into Cu3Sn phase. Decomposition of the Cu6Sn5
phase into Cu3Sn phase and an excess of pure tin is well known.
For example, it has been shown [8] that the amount of Cu6Sn5
phase decreases with increasing of annealing time at 398 K and
at the same time the amount of the Cu3Sn phase increases. The
thickness of the layer of Cu3Sn phase decreases when the annealing
time increases to 20 min and we observe a thin layer where the
concentration of tin exceeds 21 at%. This suggests the formation
of a Cu4Sn phase. At the same time, a decrease of the tin concentra-
tion in the near surface layer is observed and is caused by diffusion
of tin atoms from the surface to the bulk in order to form the Cu4Sn
phase. This phenomenon is unusual for this system at 373 K, and
has not been reported previously. Due to the high interdiffusivity
of Cu and Sn, phase transformations in Cu–Sn thin ﬁlms system
are dominated by the ratio of Cu and Sn concentration in the entire
ﬁlm thickness. The unusual phase formation is observed when a
system is in an initial metastable state. The reasons are explained
further below in terms of the free energy composition diagram for
Cu–Sn.
X-ray diffraction analysis did not reveal Cu4Sn phase at anneal-
ing up to 373 K because of insufﬁcient sensitivity for such a small
amount of material in our experiments. However the RBS data
shows that a layer with tin concentration of 21 at.% which corre-
sponds to Cu4Sn phase [14] is formed after annealing at 373 K for
20 min.
Annealing at temperatures of 473 K and 523 K leads to homog-
enization of the composition and the Cu4Sn phase is distributed
through the entire depth of the sample except in the near-surface
Fig. 5. Model of composition and phase formation processes in the samples after
annealing, derived from the RBS data. Sample 1 is the initial state. Samples 2 and 4
were annealed at 373 K for 5 and 20 min, respectively. Sample 5 was annealed at
473 K for 5 min. Shaded zones indicate composition at which intermetallic
compound is being formed, where 45% Sn corresponds to Cu6Sn5 compound, 25%
Sn – Cu3Sn, 21% Sn – Cu4Sn.
Fig. 6. Schematic diagram of the variation of Gibbs energy, g, with composition, C
for the Cu–Sn system at a given temperature. The continuous lines show the
variation of Gibbs energy for the particular phases that correspond to the a-solid
solution, Cu4Sn and Cu3Sn. The straight lines indicate the free energy of phases in
equilibrium as described in the text.
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14 at.%, and this amount is insufﬁcient to form the Cu4Sn phase.
Unfortunately, the thickness of the initial sample cannot be
taken as a reference and be compared with samples after annealing
because the Cu6Sn5 phase is already present when the sample is
grown. It is known that this phase grows in the shape of scallops
[19]. The different morphology of the phases that are formed
may contribute to changes of ﬁlm thickness during annealing.
The Cu4Sn phase has been found in these experiments at a tem-
perature lower than that for formation at equilibrium according to
the phase diagram of bulk samples. This is the main and most
important result and is distinctive from previous work. This is ex-
plained in the following way: it is known that thin ﬁlms have ex-
tremely non-equilibrium structure caused by the conditions of
deposition and that this depends on the substrate temperature
and rate of deposition considerably. The phases Cu3Sn and the
a-solid solution of tin in copper with a deﬁned equilibrium con-
centration Ceqa are the states expected in the temperature range
373–523 K according to the established phase diagram of the
Cu–Sn system. These are marked in Fig. 6 and the dashed line
indicates the Gibbs’ energy for a mixture that would separate in
to the equilibrium states. The line that links the a-phase with pureSn intersects the curve for Cu3Sn and so this is formed rather than
pure metal at the temperature shown.
RBS analysis demonstrates that the composition of the Cu–Sn
thin ﬁlm system is far from equilibrium because there is signiﬁ-
cantly more tin in the bulk than the equilibrium concentration in
the a-phase. A metastable a-phase, with a tin concentration C0a is
also indicated in Fig. 6. The line of free energy (dotted) that links
this phase with pure Sn intersects both the free energy curves for
Cu4Sn and Cu3Sn. Although Cu3Sn has a lower free energy, there
is a local minimum that causes the nucleation of the Cu4Sn phase
instead.
The explanation for the formation of Cu4Sn is based on Ost-
wald’s rule of stages [20], which states that a system that is far
from equilibrium system approaches the equilibrium state with
steps involving the minimum change of the free energy rather than
reaching the equilibrium state directly. A system with the compo-
sition C0a will tend towards the composition C
eq
a and a phase with
higher Sn concentration. The concentration of tin in the solid solu-
tion will decrease and that is exactly what we observe after
increasing annealing time at 373 K. Correspondingly, the amount
of Cu4Sn phase will increase to some extent and then after reaching
that composition, the formation of Cu3Sn phase will become favor-
able. The duration of annealing for the temperatures 473 and 523 K
is insufﬁcient for the system to transform into the ﬁnal equilibrium
state and thus the metastable phase, Cu4Sn, has been observed
over the entire thickness of the sample. Increasing the time of
annealing may lead to disintegration of this phase and formation
of the Cu3Sn phase and a-solid solution but this is a topic for the
further research.
5. Conclusions
Phase formation and interdiffusion that occurs in the thin layer
Cu/Sn system of copper deposited on tin is observed to be different
to that expected simply from the bulk phase diagram. The phase
Cu6Sn5 has been formed in the tin layer close to the substrate in
the process of condensation and ﬁlm formation. Annealing at
373 K for 5 min leads to formation of the Cu3Sn phase and to the
diffusion of Sn atoms to the surface and near-surface layers. Thus,
we conclude that in the Cu–Sn thin ﬁlm system, the Sn atoms have
a tendency to mix. Increasing the time for annealing to 20 min,
causes formation of a thin layer of the metastable Cu4Sn phase.
This is due to the fast diffusion of tin from the near-surface layers
to the reaction zone and that the time of annealing is insufﬁcient to
form equilibrium structure. Particularly for the case of fast diffu-
sion of Sn atoms, we may observe formation of metastable phase.
Tin is distributed homogeneously throughout the sample thickness
forming Cu4Sn phase after annealing at temperatures 473 and
523 K for 5 min.
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